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Addition of a fine nonreactive filler to cement modifies the hydration reaction primarily because of dilution, modification of particle size distribution, and heterogeneous nucleation (4) . For increasing dosage rates of inert filler (when used as a partial replacement for cement), cement dilution results in an increase of the water-tocement ratio (w/c) and a decrease in total cement content when the water-to-solids ratio (w/s) is kept constant. The modification of particle size distribution from the addition of chemically inert filler changes the system porosity, but its effect on cement hydration does not seem to be well documented in literature. The surface of the fine fillers has been shown to provide additional sites for nucleation of the cement hydration products (calcium silicate hydrate) and catalyzes the reaction by reducing the energy barrier (4) . The effectiveness of this catalysis depends on the fineness and dosage of the filler (4) . In addition, other phenomena may occur, including water absorption or adsorption by the nanoparticles, interactions with nanoparticle surface treatments, and reaction of materials previously presumed to be inert.
Most of the fine fillers previously examined react chemically to some extent in the cement hydration process. Limestone may be slightly reactive with the aluminate phases in portland cement, forming a monocarboaluminate phase (3) . Silica fume reacts with calcium hydroxide by pozzolanic reaction. Because of the increasing interest in inert additives to cement, such as TiO 2 , there needs to be a study that directly focuses on the effect of chemically nonreactive filler on cement hydration. TiO 2 is added as a filler to cement for its photocatalytic activity, which can impart biocidal, self-cleaning, and smog-abating functionality to cement-based materials. Research has shown that the photocatalytic activity is superior in nanocrystalline TiO 2 and that it exhibits maximum efficiency in the anatase phase compared with the rutile or brookite phase (9, 10) . When added to portland cement, TiO 2 is considered to act as an inert filler and is not believed to take part in the hydraulic reaction of portland cement.
The nano-sized TiO 2 particles could significantly affect the rate of cement hydration reaction, especially in the early stages. Most of the previous research on the effect of fine inert fillers on cement hydration were conducted with micrometer-sized particles in the size range 0.5 µm to 4 µm. Jo et al. used nanoparticles (of 40-nm average particle size) of SiO 2 (11), but SiO 2 could react with cement during early hydration because of its high pozzolanic activity. Hence, there exists a need to study the effect of a chemically nonreactive nano-sized particle on the early-age behavior of hydrating cement.
Thus, the objective of this research was better understanding of the effect of the addition of nano-sized and presumably nonreactive The performance and properties of cement-based materials can potentially be altered by the addition of nano-sized inclusions. In this study, the effect of chemically nonreactive anatase TiO 2 nanoparticles on earlyage hydration of cement was investigated. First, the effects of different percentage addition rates of TiO 2 to portland cement on early-age behavior were examined through isothermal calorimetry and measurements of chemical shrinkage. On the basis of accelerations in hydration observed in TiO 2 portland cements, additional experiments were performed with tricalcium silicate (C 3 S), the main strength-giving mineral component of portland cement, to determine whether the influence of TiO 2 could be adequately described by a kinetic model that relies on boundary nucleation theory. Comparison of the experimental results and the modeling showed that (a) an increase in addition rates of TiO 2 accelerates the rate of cement hydration and (b) the heterogeneous nucleation effect rather than the dilution effect was dominant. The result of the boundary nucleation model reinforces the concept of the heterogeneous nucleation effect and demonstrates that the surface area provided by nano-TiO 2 particles increases the rate of hydration reaction. This research forms the foundation for future studies aimed at optimizing photocatalytic and other nanoparticle-containing cements.
The addition of fillers to cement and their effect on the early-age hydration of portland cement remains of interest to researchers and to industry because of implications relating to setting time, dimensional stability, and strength development. Researchers have noted that the addition of fine fillers can change the early hydration reaction of cement. Acceleration of cement hydration has been observed when fine fillers were added to cement (1, 2) . Fine (0.5-µm to 4-µm) powders of limestone (3), quartz (4), silica fume (5), and pulverized fly ash (6) , when added at a maximum of cement replacement levels of 15%, have demonstrated an increase in the rate of cement hydration.
However, the addition of fine fillers could also affect the dimensional stability of a cement mix by increasing shrinkage of the cementitious material. Researchers have observed an increase in chemical shrinkage when fine fillers were added to the cement paste (7) . Other researchers have observed that addition of "coarse" particles to cement pastes does not modify the chemical shrinkage compared with addition of ordinary portland cement (OPC) mixes (8) . Thus, the anatase form of TiO 2 on the early hydration of portland cement. The effect of the TiO 2 nanoparticles on the rate of hydration and dimensional stability during early stages of cement hydration were studied as part of this research. Specifically, the effects of the variation of particle size and percentage addition of TiO 2 nanoparticles were examined. Isothermal calorimetry, chemical shrinkage analysis, and hydration modeling were used to characterize the influence of these factors on early-age cement hydration.
THEORETICAL BACKGROUND

Avrami Model
The Avrami model was first developed by to explain the kinetics of phase change of metals. The main assumptions for this model are that the new phase is nucleated by germ nuclei and that the grain centers of the new phase are randomly distributed throughout the matrix. The theory has then been widely adapted for C 3 S hydration (15) (16) (17) . The hydration rate of C 3 S can be modeled in accordance with the following equation:
where R = hydration rate, A = normalization constant to match calorimetry data, n = dimensionality parameter, k avr = effective rate constant, and t 0 = time delay between the time of mixing and the start of nucleation and growth kinetics.
While the Avrami model has been widely used to describe C 3 S hydration, heterogeneous nucleation processes that occur during cement hydration may not be best described by a homogeneous nucleation assumption (18, 19) .
Boundary Nucleation Model
The boundary nucleation and growth (BN) model was first developed by Cahn (20) to describe the kinetics of nucleation and growth of polycrystalline materials. The key assumption is that nucleation is permitted to occur only on internal boundaries with the BN model, unlike the Avrami model, which assumes that nucleation occurs at randomly distributed locations within the untransformed volume. For applying the BN model to the hydration of C 3 S, the following minor modifications are required. The hydration rate can be obtained by numerically differentiating Equation 2. The scaling parameter A and time delay parameter t 0 should also be introduced. The three parameters O B V , I B , and G can be correlated into two independent rate constants, k B and k G , as proposed by Thomas (18) .
Rate constant k B describes the rate of transformation on the internal boundaries (on the surface of particles) whereas k G describes the rate of transformation in the bulk matrix within the pore space between particles. The ratio of these two rate constants (k B /k G ) can be used to identify the type of kinetic behavior. If k B /k G is large, then the hydrated products will be densely populated on or near the nucleation sites, indicating a dominance of hydration reaction caused by nucleation. If k B /k G is small, then the hydrated products will form evenly throughout the paste, approaching the condition of the Avrami model.
RESEARCH METHODOLOGY
Isothermal calorimetry and chemical shrinkage analysis were used to study the effect of the addition of TiO 2 nanoparticles on the initial hydration reaction of cement. Modeling of the cement hydration process with the Avrami and the BN models was also carried out with the data obtained from the calorimetry analysis of pure C 3 S in the presence of nano-TiO 2 to gain further understanding of the influence of the nanoparticles on the hydration process.
Materials
The potential Bogue composition of the OPC (obtained from Lafarge) used for all TiO 2 -blended cement was 51.30% C 3 S, 19.73% C 2 S, 8.01% C 3 A, 9.41% C 3 AF, 0.40% Na 2 O eq . The median diameter of the cement particles used for the experiments was 10.08 µm. Two TiO 2 powders (T1 and T2) of different surface areas were used for making the laboratory-blended cements with the OPC. The properties of the TiO 2 powders, obtained from Millennium Inorganic Chemicals, are given in Table 1 .
Pure C 3 S powder was obtained from the Lafarge Research Center in Lyon, France. The chemical composition of C 3 S was analyzed by quantitative X-ray diffraction by Cu-Κα radiation, which gave 98.43% C 3 S, 1.46% C 2 S, and 0.10% CaO by mass fraction. Particle size distribution was measured in an ethanol slurry by means of a Microtrac X-100 laser particle analyzer. The median diameter of the C 3 S sample was 7.754 µm. Through use of an empirical relationship between surface area of cement and particle size distribution developed by Zhang and Napiermunn (21), the surface area of C 3 S was found to be 0.291 m 2 /g (1,420 ft 2 /lb). The anatase TiO 2 used for the modeling studies was a neutral (pH 7) powder supplied by Tayca Corporation. The properties of this nano-TiO 2 , called T3, are given in Table 1 .
Sample Preparation
A w/s ratio of 0.50 was used for all the cement pastes. The two TiO 2 powders (T1 and T2) were blended with the cement at 0%, 5%, and 10% replacement by mass for calorimetry. For the chemical shrinkage experiments, TiO 2 powder (T2) was blended with the cement at 5%, 10%, and 15% replacement by mass. For the modeling experiments, three C 3 S pastes were prepared at 0%, 10%, and 15% addition rates of TiO 2 by mass of cement. The w/c ratio was kept constant at 0.50 for the C 3 S mixes.
TiO 2 powder was added to the water and mixed with a handheld mixer for 60 s to disperse the agglomerates. The cement or C 3 S was then added and first mixed by hand with a stirrer for a maximum of 10 s and then with the handheld mixer. The entire mixing period was maintained within 120 ± 5 s. The paste was then carefully poured into capsules, and the weight of the cement paste in the capsule was noted.
Methods
Isothermal calorimetry was performed on triplicate paste samples by means of an eight-channel microcalorimeter (TAM AIR, TA instruments), which has precision of ±2 µW and accuracy greater than 95%. The capsules were placed inside the isothermal calorimeter within 300 s of addition of cement or C 3 S to water. The time of addition of cement to water is considered the starting time of the reaction for each sample. The data for the initial 10 min of the tests were discarded to ensure that the capsule reached thermal equilibrium with the calorimeter. The rate of hydration was measured every 60 s as power (mW) and was normalized per gram of cement in the paste. Because the difference between the triplicate samples was insignificant, one of the triplicate samples per mix was selected for the comparative studies.
Chemical shrinkage tests were conducted in accordance with ASTM C1608-07. Cement paste was poured into glass vials, and the vials were filled with deaerated water. A rubber stopper was used to measure the change in volume of the cement paste; the stopper fit tightly into the glass vial and was equipped with a graduated capillary tube. The vials were placed in an environmental chamber at a constant temperature of 23°C, and measurements were taken every 30 min. The water level in the capillary tube at 60 min after the paste was mixed is considered the zero reading, to allow the vials with the sample to reach thermal equilibrium with the environmental chamber. The change in volume was normalized per gram of cement in the paste to measure the chemical shrinkage per unit mass of cement.
RESULTS AND DISCUSSION
Isothermal calorimetry was performed on the laboratory-blended TiO 2 cements to study the effect of TiO 2 replacement level and particle size on the early hydration reaction. The data for the first 48 h, starting from the time of mixing of cement and water, were analyzed. The data obtained from isothermal calorimetry for the C 3 S pastes were used for modeling the hydration process in accordance with the Avrami and boundary nucleation models. Chemical shrinkage tests according to ASTM C1608-07 were conducted to study the effect of the addition of TiO 2 on the extent of shrinkage of cement paste during the early stages of hydration. Figure 1 shows the variation of the rate of hydration of OPC and the TiO 2 -blended cements at 5% and 10% replacement levels. For the graph of OPC, the first peak of heat release corresponding to the reaction of C 3 S can be observed from about 1 to about 8 h. This peak is followed by a secondary peak corresponding to C 3 A hydration.
Rate of Hydration of TiO 2 -Blended Cements
From Figure 1 , one can see that all the mixes with the addition of TiO 2 showed accelerated hydration compared with OPC. For example, at 10% replacement, the peak of C 3 A hydration was accelerated by about 80 and 180 min for the mixes with T1 and T2, respectively, compared with the OPC. The increasing dosage of TiO 2 was found to accelerate the rate of hydration of the mixes and increase the peaks for C 3 S and C 3 A hydration. For instance, the increase in the peak of the C 3 A hydration compared with the control mix was found to be 22.24% and 37.20% for the mixes with 5% and 10% replacement by T2, respectively. These results indicate that the heterogeneous nucleation effect could be more dominant than the dilution effect. Figure 1 also shows that the rate of hydration for the cement mixes prepared by replacement with finer TiO 2 (T2) was higher than for all the mixes prepared with coarser TiO 2 (T1). This result shows that the rate of cement hydration in the presence of TiO 2 strongly depends on the size of the nano-sized particles that are blended to the cement, with smaller particles accelerating the reaction more than larger particles (Table 1 ). This observation reinforces the conclusion that the nucleation effect, which depends on the surface area of the particles, rather than the dilution effect could be dominant in the case of addition of nano-TiO 2 particles to cement. Figure 2 shows the variation in cumulative energy released (per gram of cement) by OPC and the laboratory-blended TiO 2 cements. For the graph of OPC, one can see that after the initial dormant period there is a rapid increase in the total energy released, which corresponds to the peaks of C 3 S and C 3 A hydration. Figure 2 shows that the total energy evolved during the hydration reaction increases as the percentage replacement of cement with TiO 2 FIGURE 1 Rate of hydration of TiO 2 -blended cements.
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increases. The total energy released also increases with the increasing surface area of TiO 2 used, again reinforcing the significance of the nucleation effect.
As explained earlier, the addition of TiO 2 to cement paste affects the hydration rate by the dilution effect and heterogeneous nucleation. With increased dosage of fine filler, the rate of hydration of cement and the total heat evolved will be decreased by the dilution effect and increased by the nucleation effect. All the tests conducted in this research showed that higher dosage and lower particle size of filler caused the rate of reaction to increase (Figure 1 ). Figure 2 shows that, at all replacement rates with TiO 2 , the cumulative heat evolved is greater than for ordinary cement paste, indicating an acceleration of cement hydration. This greater cumulative heat for the mixes with TiO 2 suggests that the heterogeneous nucleation effect rather than the dilution effect dominates when nano-TiO 2 particles are added to cement.
The addition of nanoparticles of TiO 2 can be used to accelerate the hydration reaction in cement-based materials, especially in the early stages. Thus, in addition to the photocatalytic properties of TiO 2 , the incorporation of nano-TiO 2 in cement paste can be used to modify the properties of the cementitious materials by changing the setting behavior and strength development characteristics. Figure 3 shows the chemical shrinkage of the OPC paste and the laboratory-blended cement pastes with TiO 2 particles (T2). For OPC, there is a rapid decrease in the volume of the paste up to 20 h, which corresponds to the main hydration peaks for the reaction of C 3 S and C 3 A in the cement paste, as shown in Figure 1 . Figure 3 shows that the addition of TiO 2 particles results in an increase in the chemical shrinkage of the cement paste. This shrinkage also increased with an increasing percentage addition of TiO 2 . The cement mix that had 15% replacement of cement by TiO 2 showed the greatest increase in shrinkage, which was 23.61% higher than for the OPC mix at 60 h. The shape of the graph for chemical shrinkage was similar to the graph of cumulative energy released (Figure 2) , which suggests that the decrease in volume of the cement paste is directly related to the energy released during hydration and hence the degree of reaction. Further research using other particle sizes of TiO 2 should be performed to learn the effect of particle size on shrinkage. However, these preliminary results suggest the decrease in volume of the cement paste mix is a factor that should also be considered when cement mixes with TiO 2 nanoparticles are being designed.
Chemical Shrinkage of TiO 2 -Blended Cements
The TiO 2 samples used for these experiments were acidic, presumably because of surface treatments used in their manufacturing. The dissolution of surface groups (chlorides, sulfates, or ammonium ions) could affect the rate of reaction of the cement particles, which are in a highly basic environment during normal hydration. Research on the effect of the acidity and surface coating of TiO 2 particles on the rate of nucleation is needed. Figure 4 shows the variation of hydration rate and cumulative energy during the hydration reaction of the pure C 3 S paste and TiO 2 -blended C 3 S paste mixes. As observed for the cement paste mixes (Figure 1) , addition of TiO 2 accelerates the rate of the hydration reaction of C 3 S and increases the peak height of the hydration curve (Figure 4a ). The total curve for heat of hydration of the C 3 S mixes (Figure 4b ) also shows a trend similar to that of the cement paste mixes (Figure 2) , with the addition of TiO 2 increasing the total heat evolved in the initial stages of hydration.
Modeling Using TiO 2 -Blended C 3 S Pastes
The degree of hydration, α, of the C 3 S paste mixes was calculated by assuming enthalpy (ΔH) of the C 3 S hydration to be about 121 kJ/mol (22) and is shown in Table 2 . It was observed that at 12 h, 10% and 15% replacement by TiO 2 accelerated the hydration by 42.86% and 51.43%, respectively. These values reduce to 19.30% and 21.05%, respectively, at 24 h of hydration. The increased degree of hydration at 12 h indicates that the TiO 2 nanoparticles accelerate the hydration reaction primarily in the early stages of the hydration. That the effect is increased with increasing nanoparticle addition shows that the acceleration can be attributed to the heterogeneous nucleation effect.
Both the Avrami model and the BN model were used to fit the experimental data for the C 3 S mixes ( Figure 5 Figure 5 shows the best fit that was obtained for the experimental data of the C 3 S paste with 10% TiO 2 with both the Avrami and BN models. The fit using the Avrami and the BN models for the 0% and 15% data was similar to that for the 10% mix, and hence they are not shown here. For the C 3 S pastes, the BN model provides a better fit than the Avrami model for the hydration behavior. While both models closely approximate the early hydration reaction of C 3 S in the acceleration zone, the BN model is better able to capture the hydration behavior in the deceleration zone after the peak. The divergence of the Avrami model that occurs in the deceleration period suggests that the random nucleation assumed by that model does not apply to pure C 3 S hydration. The better fit using the BN model suggests that nucleation is spatially nonrandom and is likely related to the surface area of the solid phases available for product nucleation and growth.
Further, an increase in the k B /k G ratio of the BN model was observed (Table 3 ) with increasing TiO 2 dosage (and solid surface area). This observation suggests that the presence of additional surface area provided by the increasing amounts of TiO 2 , promotes hydration product formation, which occurs on or near the surfaces of the particles according to the model assumptions. This further implies that the addition of TiO 2 powder supplies additional nucleation sites to accelerate the hydration. It is also proposed that, by providing additional nucleation sites away from the reacting C 3 S particles, the start of diffusion-controlled hydration kinetics is delayed, increasing the amount of early nucleation and growth hydration, as has been proposed for other nucleating materials (22) . Such behavior would account for both the acceleration in reaction rate and the increase in peak height observed in the presence of TiO 2 nanoparticles.
The t 0 parameter in both the Avrami model and the BN model graphically shifts the curves either to the right or to the left, depending on its sign. A positive t 0 value can be interpreted as an induction period, shifting the curves to the right. In contrast, a negative t 0 found in the BN model suggests that the TiO 2 particles have an effect of promoting the nucleation rate at a very early age. The differences seen in t 0 between the 0% paste and the 10% and 15% pastes in the case of the BN model are 2.2 and 3.0 h, respectively, which are on the order of magnitude of the acceleration noted previously with respect to the peak heights observed in Figure 4 .
CONCLUSIONS
The effect of the addition of nano-TiO 2 particles on the early hydration reaction of cement and pure C 3 S was studied as a part of this research by means of isothermal calorimetry, chemical shrinkage, and modeling of hydration. When TiO 2 of different particle sizes were added to cement and C 3 S, it was observed that the hydration reaction was accelerated and the rate of hydration increased. The increase in the rate of reaction was proportional to the dosage of the TiO 2 . Smaller particles of TiO 2 were found to accelerate the reaction more than larger particles. The heterogeneous nucleation effect was found to be dominant when compared with the effect of dilution when inert TiO 2 particles were added to cement. Chemical shrinkage test results indicate that the addition of nanoparticles increases the shrinkage in cement paste, and the increase in shrinkage is proportional to the percentage replacement of the cement. Further testing with various sizes of TiO 2 particles could be used to suggest an optimum particle size and dosage of the nanoparticles. These size and dosage results could be used to balance the positive effect of acceleration of hydration reaction and the negative effect that results in a decrease in volume of the cement paste.
The BN model is capable of better representing the kinetic behavior of C 3 S paste mixed with TiO 2 nanoparticles than the Avrami model for all pastes tested. The increase in ratio of rate constants from the BN model with increasing dosage of TiO 2 suggests that the formation of hydration products in C 3 S paste mixes is linked to the increase in available nucleation sites.
It can be concluded that the addition of TiO 2 nanoparticles can be used to increase the rate of hydration and potentially the rate of strength development of cement pastes but that issues such as volume changes should also be considered. Hence, an optimum dosage or particle size distribution of such nanoparticles could be used to balance the undesirable effects caused by their incorporation into cement-based materials. These observations show that the early rate of hydration can be altered through the addition of nonreactive TiO 2 particles. Thus, it is proposed that the setting behavior, strength development, and permeability of photocatalytic and other portland cement mixes can be optimized by controlling compositional variables and particle size. 
